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Abst raat - -A  solution to a system of equations of elastic-porous media for a homogeneous space 
in the time and frequency domains for the case of a point source is obtained. Ray representations of 
waves of various types in an inhomogeneous elastic-porous medium are obtained. Inverse problems of 
determining the parameters of the medium and seismic moment tensor are considered. This is done 
by using the information about 
(1) component parts of the displacement vectors of P~- and S-waves at a fixed point of space; 
(2) pressure measured at two fixed points of space for all times. 
The noise stability of the solutions to the inverse problems considered is investigated numerically 
with the use of the method of critical components. © 2004 Elsevier Ltd. All rights reserved. 
Keywords- -Mathemat ica l  model, Porous medium, Method of critical component, Inverse prob- 
lem. 
1. INTRODUCTION 
In applied problems of elastic wave propagation, it is often necessary to take into account porosity, 
the fluid saturation of the medium,  and the hydrodynamic background. In particular, these 
questions arise in exploration geophysics, in the search for oil formations and when choosing the 
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parameters ofwave action on oil and gas deposits to intensify production. Similar questions arise 
in seismology at geophysical monitoring of the properties of the source zone for the purpose of 
earthquake prediction. 
In geophysics, the dynamic and kinematic haracteristics of elastic waves propagating in frag- 
mented fluid-saturated rocks contain information about the structure, composition, and occur- 
rence of rocks. Also, they have information about the lithology of rocks and their boundaries, 
fracturing, porosity, the presence of various faults and local inclusions, the composition and 
phase state of fluids-ffilers of the collectors' pore space. Mathematical models of wave propa- 
gation theory give an instrument to determine the numerical values of the propagation speeds 
and absorption coefficients of elastic seismic waves depending on the substances of the fluid-filled 
collector, its structure, and the influence of the environment. The more realistic and reliable 
the mathematical model, the more accurate the determined values of propagation speed and the 
absorption coefficient of elastic seismic waves. 
The peculiarities of seismic wave absorption in fractured-porous media that have been es- 
tablished by now and the simultaneous manifestation of multiple electroseismic effects are not 
consistent with the simplest models of the ideally elastic Hooke and Frenkel-Biot media. Real ge- 
ological media are multiphase, conducting, fractured, porous, etc. In the process of propagation, 
seismic waves dissipate, which is associated with energy absorption. 
In this paper, modeling is performed in terms of c8, cpl, and Cp2 and in terms of the partial 
densities Pl and Ps, with the use of the fact of established existence of one-to-one correspondence 
between the elastic parameters ~, #, and a of the theory developed by Dorovsky [1,2] and the 
propagation speeds of seismic waves cs, Cpl, and cp2 in elastic-porous media. 
In the second section, we obtain a solution to the linearized system of Dorovsky's equations 
for the entire homogeneous space in the frequency domain in the case when wave processes are 
caused by a point source of the concentrated force type. 
In the third section, ray expansion for a concentrated force field in infinite homogeneous and 
inhomogeneous media is obtained. 
In the fourth section, to determine the seismic moment ensor, we use, in contrast o [3-9], a 
part of the components of the displacement vectors of the P1- and S-waves measured only at one 
point of space for all frequencies. 
In t-he fifth section, to determine the seismic moment ensor, we use the pressures measured 
only at ty¢o points of space for all frequencies. 
The noise stability of the solutions to the inverse problems considered is investigated numeri- 
cally with the use of the method of critical components [10], realized in the form of a program 
package called JINRLINPACK [11]. 
2. D IRECT DYNAMIC  PROBLEM FOR EQUATIONS 
OF CONTINUAL F ILTRATION THEORY 
AND THEORY OF ELASTIC WAVES 
A nonlinear mathematical model of filtration of a liquid in a porous elastic-deformed medium 
is constructed in [1]. The following three principles are used as a basis of the model: fulfillment of 
conservation laws, the Galilei relativity principle, the agreement between the equations of motion 
and the thermodynamic conditions of equilibrium. It is shown that the system of equations 
linearized with respect o an arbitrary hydrodynamic background in a reversible hydrodynamic 
approximation (in the absence of energy dissipation) is hyperbolic. This linearized system of 
equations for the homogeneous medium has the following form [12,13]: 
02U c~AU-  (a l - c  2) Vd ivU + a2VdivV = f, (1) 
Ot 2 
02V - a4V divV + a3V divU = f, (2) 
Ot 2 
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Here, U and V are the displacement vector of particles of the elastic porous body and liqmd 
with the partial densities p, and Pl, respectively, and f is the body force. 
The main difference of linearized Dorovsky's model from the well-known Frenkel-Biot models 
[14,15] is that Dorovsky's model is described by three elastic constants [1]. It is shown in [2] that 
the coefficients ak, k = 1, 4, are expressed in terms of the speed cs of the transverse wave, the 
speed %,~ (m = 1, 2) of longitudinal waves, as well as the ratios between the partial density Pz of 
the conducting liquid and the partial density Ps of the conducting elastic porous body as follows: 
P_~ _2 + a~ = P--' (c~, + G)  + 4 ~ P8 - P, ~, 
p ~ p2 % p 
a3 = P..~s c2 + @2 - 2~" - c 8 p Pl ~ ' 
a2__P__~l (2  2 4 21 P c~+c~-2~-~c 8 , 
2 2 4 2 )  p8 - pz ~ a4 = P~s Cpl q- Cp2 -- "~C s - -  Z, 
P P 
( 8 1 2 2 _ _Psc2 ~ 2 16 PiPs c4 ' 
~=~ cp,+%, 3p 8 )+ (G-G)  ~ 7 p=ps+;~ 
It should be noted that, in principle, the Frenkel-Biot heory cannot be used for statements of
inverse problems and closed numerical modeling of various processes in the porous medium, when 
the distribution of seismic wave propagation speeds cs, Cpi, and %2 and the densities Pl and p~ 
are known [2]. 
In the construction of the solution to the direct problems, we consider a source of point type 
(spherical wave), that is, 
f~,(t, x) = M.z(t) 05(~ Y). (3) 
Here, M~(t )  = M~(t )  is the seismic moment ensor [16], 5(t) is the Dirac function, x = 
(xi, x2, x3) is the coordinate of the receiver, and y = (Yi, Y2, Ya) is the coordinate of the source. 
The solution to equations (1),(2) with the right-hand side (3) in the frequency domain has the 
following form: 
Ca(w,x )  = 0~(¢~,  x ) -  a4 - C2P--------21C2p2- . . . .  - a4  '4" a3  ^ 1 
a~ G-G u~ (~,~) 
a~- G G - a~ + ~^ + . . . .  ~ v~(~,x) ,  (4) 
~3 G - c~ 
e 2- - -  a4 -{- a3 ^ ep2i - -  a4 q- a3 ^ = 
~--~s  -~ (~, x) + ~- - -g  v~ (~, x), (5) 
Pi -P2 Pl P2 
0~(~, x) = a @~e(~, ~s, x) _ o~e(~,,  c~, x) 
Ox~ Ox~Ox~Ox~ ' 
O~' @, x) = °~e(~°' ~'' x) o~e(~,  ~=, x) 
e- i (w/c ) [x -y ]  
~(~,  c, x) = Mo~(~,) 4~lx  - Yt' I~l = ~/~ + x~ + 4 
The solution to the problem for more general types of sources is constructed with the help of the 
superposition of the fields from the point source. 
It should be noted that when porosity vanishes, i.e., as Pz -+ 0, solution (4) is transformed into 
the solution to the Lamd system of equations for a homogeneous medium [17,18]. 
3. RAY  EXPANSION FOR THE CONCENTRATED 
FORCE F IELD IN  AN INF IN ITE  MEDIUM 
It was shown in [19] that when the source field in a homogeneous isotropic elastic medium is 
known, one can determine the intensity and form of representation in the zero approximation for 
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waves propagating in an inhomogeneous medium, whose elastic parameters at the source point 
are the same as those of the homogeneous medium. 
In this section, we present formulas illustrating the character of attenuation and polarization 
of the displacement vectors of particles of the elastic porous body and the liquid in subsequent 
approximations u ing the approach proposed in [19]. 
Let a source of force type be applied at the origin of coordinates. The source acts along the 
Oz-axis and varies with time as fo(t). 
Let us represent the displacement values of particles of the elastic porous body in the form 
[2o].. 
= - a4  - 42  - a4  + a4  - - a4  + a3_  
c 2 - -  a4 + a3 ~ 2 c~1 - aa  + a3_  
V= v2____  + . . . .  
Here, the first term Us determines the field of the excited transverse wave. The displacement 
vector of particles of this wave is perpendicular to the direction R1 of its propagation (R1 and 01 
are the basis vectors in the spherical system of coordinates). The fronts coincide with the spheres 
cst - R -- const, whose radii increase at the speed cs. The second and third terms correspond to 
longitudinal waves. The displacements of particles of these waves are parallel to the direction R1 
of their propagation. The fronts coincide with the spheres cp~t - R = const, (k = 1, 2), whose 
radii increase at the speed Cvk. 
Repeating the reasoning of [19], we obtain the following expressions for the vectors Us, U w , 
and U w : 
R 
Us = U!°)f0(t - Ts) + U~l)fl(t - Ts) + U~2)f2(t - ~'s), % = -- ,  
as 
R 
= k = 1, 2, 
cosO 2cos0 R I+ sin0 
U(~ - 4~psc2p~RR1, V(lk ) - 4~rpscp~R2 4~rcwR 201' 
2cos0R l+ sin 
U(~) - 47rpsR - - - -~  47rpsR - - - - -~01 '  
u~O) _ sin 0 U~I) 2 cos 0 sin 0 0 
4~rp~c2R01, =-41rpscsR2R1 4~c~ i 1, 
_ _  sin U~2) =.  2 cos t~ R1 ~ ~1, 
4~rpsR 3 4~rpsR 
/o /o /~(t) = /o(s) d~, /~(t) = A(~) e~. 
Using the same line of reasoning as in [19,20], we obtain a ray solution to Dorovsky's ystem of 
equations for the inhomogeneous medium: ~
u(t, ~) = ~ v~(t, ~)A(~(t, x)), 
k=0 
v(t, x) -- ~ w~(t, ~)/~(~(t, ~)), 
k=0 
/ fk-l(x)dx, k ---- 1, 2 ,3 , . . . ,  A(x) 
1The series are of asymptot ic haracter. At the assumption of analyticity of the coefficients and functions ~(t, x), 
they converge uniformly in the vicinity of the surfaces -f(t, x) ---- 0. 
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where ~/(t, x) is a fixed function, and for any k, Uk, and Vk the recurrent relations 
N(% Uk+2,Vk+2) + M(% Uk+l, Vk+l) + f,(~/, Uk, Vk) = 0, 
(U-2 = V-2  =U- I=V-1  ~ 0), k = -2,  -1 ,0 ,1 ,2 , . . . ,  
are satisfied. Here we omit the operators L, N, and M presented in [21], because they are too 
cumbersome. 
It is also not difficult (but cumbersome) to construct a theory of plane waves for a multitayered 
homogeneous medium with sharp interfaces between layers. The reflection-refraction coefficients 
of waves of all three types are necessary for the realization of the ray method in the inhomogeneous 
medium. Local representations of the fields of point sources for the construction of ray series a~e 
also required. 
4. INVERSE PROBLEM OF DETERMINING THE 
SEISMIC MOMENT TENSOR BY US ING THE 
INFORMATION ABOUT ARRIVAL TIMES OF 
LONGITUDINAL  AND TRANSVERSE WAVES 
Let the arrival times of longitudinal and transverse waves at some points of space and the 
coordinates of a seismic event be known. With the use of this information, it is necessary to 
determine the seismic moment ensor. Mathematically, the problem is formulated as follows: it 
is necessary to find M~(t )  with the help of the following information: 
V~, ~ (t, x)ix=xo = U~ '~ (t), (6) 
u/ ,(t,x)lx=x ° = (7) 
Here, c~' and/3' are fixed numbers, which take different values, from 1 to 3. 
Let the seismic moment ensor M~f~(t) have the following form [7]: 
M~(t )  = a .  5 ( t ) .  2 , (S) 
6 
where a = 1019 dyne.cm.s. 
Since the solution to system of equations (1),(2) is given in the frequency domain, the solution 
to the inverse problem will also be realized in the frequency domain. For this, we perform the 
Fourier transform of the data (6) and (7). Assuming  in (4) that x = x0 and using the notation 
Z -- (1VIII(W), iVI22 (w), 1~i33(w), l~I12(w), l~il3(W), I~I23(w)), we obtain 
AZ = Y .  (9) 
Here, Y = Re(U~,~(w, x0),U~,(W, Xo)) T and, by virtue of (8), the components of the matrix 
A -- (Aij)2×6 are real. 
Thus, the solution to the inverse problem is reduced to the solution of system of linear algebraic 
equations (9). 
Let the pore pressures at some points x~, k = 1, 2, of space be known. By these measurements, 
it is required to determine the seismic moment ensor. Mathematically, the problem in terms 
of the Fourier transform is formulated as follows: it is necessary to find IVi~f~(w) by using the 
information 
P(w,x) x=x~ = Pk(w), k = 1,2, 
where P = p div(a3U - a4V), and the coordinates of the source are known. 
Assuming in (4),(5) that x = x0 and taking into account he pore pressure definition for Z, we 
obtain 
~-Z -- Y, (10) 
where ? = and the components of the matri  £ = are real. 
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5. NUMERICAL  SOLUTIONS OF SYSTEMS (9) AND (10) 
BY US ING THE METHOD OF CRITICAL COMPONENTS 
To solve i l l -posed systems of l inear algebraic equations ((9) and (10)), we use the method of 
crit ical components  [!0]. Z, approx imate solutions to system (9) and (10), respectively, are given 
below in Tables 1 and 2. The relative solut ion errors 5 -- IIZ - Zl l / l lZl l  at the corresponding 
relat ive per turbat ions  of the r ight-hand sides ~ - - I I Y -  Yl l / I[YII  are also given. The parameters  
of the medium take the following values: %1 - 6.1 km/s ,  %2 = 0.6 km/s ,  cs = 3.5 km/s ,  
ps = pf(1 -do) ,  pz = p[do, p~ = 2.7 g /am 3, p[ =0.9  g /em 3, do = 10%, w = 10 Hz, ~ '= f l '=  1. 
Table 1. 
21 25 23 24 
0% 1.400 2.900 2.900 4.300 
10% 1 .540 3.190 3.190 4.730 
20% 1.680 3.480 3.480 5.160 
30% 1 .820 3.770 3.770 5.590 
40% 1.960 4.060 4.060 6.020 
2~ 
4.300 
4.730 
5.160 
5.590 
6.020 
26 5 
5.800 13.3% 
6.380 16.6% 
6.96O 23.8% 
7.540 32.6% 
8.120 41.8% 
Table 2. 
21 2~ 23 
0% 0.930 2.496 2.496 
10% 1.023 2.746 2.746 
20% 1 .116 2.995 2.995 
30% 1.209 3.245 3.245 
40% 1.302 3.494 3.494 
4.796 4.976 4.992 15.5% 
5.276 5.276 5.491 16.9% 
5.755 5.755 5.990 22.9% 
6.235 6.235 6.490 30.4% 
6.715 6.715 6.989 39.0% 
It  is seen from Tables 1 and 2 that  the error of reconstruct ion of components  of the seismic 
moment  tensor is at the data  error level. 
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